Objective: To investigate the effects of chemotherapy and cranial irradiation on normal brain tissue using in vivo neuroimaging in patients with glioblastoma.
With the increasing success of anticancer therapies, treatment-associated toxicities among survivors have emerged as an important clinical problem, with cognitive deficits detectable in 17% to 75% of patients with cancer after chemotherapy. [1] [2] [3] [4] Patients with CNS malignancy appear to be at particular risk, given the combined effects of chemotherapy and cranial radiation therapy (RT). [5] [6] [7] Recent studies have investigated the effects of chemotherapy and radiation on global and regional brain anatomy using voxel-based morphometry (VBM) and diffusion tensor imaging (DTI). [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] While the design and results of these studies vary, they collectively suggest that CNS toxicity is associated with cancer therapy even for non-CNS malignancies, with widespread gray matter (GM) and white matter (WM) loss, and associated deficits in multiple cognitive domains. 15, 16 Few studies, however, have examined the extended time course of these effects, and none has assessed longitudinal changes on MRI in patients receiving chemotherapy and cranial RT. Understanding how neurotoxic exposure alters healthy brain tissue will provide context for future investigations into the relationship between brain changes and neurocognitive performance, and whether individual differences in long-term neurologic outcomes may be predicted by neuroimaging.
In the present study, we aimed to explore the time course of treatment-associated neurotoxicity, with particular interest in regions serving endogenous neural repair and brain plasticity. We used VBM and DTI to examine longitudinal anatomical changes in radiographically tumor-free brain tissue in patients with glioblastoma receiving a standard chemoradiation protocol with serial neuroimaging in up to 9 months of treatment.
METHODS Standard protocol approvals, registrations, and patient consents. Data were obtained through a prospective clinical study of patients with glioblastoma conducted at our institution (NCT00756106), as previously described. 20 The local institutional review board approved this protocol. All participants provided written informed consent.
Participants and treatment protocol. The protocol used serial MRI scans in patients receiving standard chemoradiation for glioblastoma after craniotomy for tumor resection. No additional investigational agents were allowed. Participants received temozolomide at a daily oral dose of 75 mg/m 2 concurrent with daily RT. RT was administered to the tumor core with a 1-to 2-cm margin in 30 consecutive fractions of 2 Gy daily for a total dose of 60 Gy. One month after completing RT, patients underwent up to 12 cycles of temozolomide at 150 to 200 mg/m 2 daily on 5 consecutive days of a 28-day cycle.
Image acquisition. All MRI and DTI scans were acquired on a 3.0T MRI system (TimTrio; Siemens Medical Solutions, Malvern, PA). Participants were scanned twice before starting chemoradiation (3-7 days before and 1 day before), weekly during chemoradiation, and then monthly for 6 months. The MRI scanning protocol included pre-and postcontrast 1-mm 3 , T1-weighted multiecho magnetization-prepared rapid-acquisition gradient echo (MEMPRAGE) images, fluid-attenuated inversion recovery (FLAIR) images, and DTI.
Image processing. Five regions of interest (ROIs) were outlined on the anatomical MRIs: normal-appearing GM, normal-appearing WM, anterior lateral ventricles, hippocampus, and subventricular zone (SVZ) (figure 1). Volumetric changes in nontumor, normalappearing brain tissue were assessed in GM, WM, lateral ventricles, and hippocampus. To control for geometric distortions arising from changes in tumor morphology, GM and WM volumetric analyses were restricted to participants in whom tumor burden was confined to one hemisphere, with volumetric data being extracted from the tumor-free contralateral hemisphere. This was performed automatically by finding the midsagittal plane and comparing its position with reference to manually drawn tumor ROIs. We selected participants who had at least 5 sequential imaging time points meeting this condition. MEMPRAGE images were "denoised" using an algorithm based on a nonlocal means method. 21 Images were then segmented into WM, GM, and CSF using FMRIB's Software Library (FSL) (www.fmrib.ox.ac.uk/ fsl). This was independently performed for each time point. Lateral ventricle ROIs were constructed on T1-weighted MEMPRAGE images using semiautomatic tissue segmentation in ITK-SNAP. 22 ROIs were drawn on baseline images and nonrigidly coregistered using Advanced Normalization Tools 23 to subsequent scans in each patient's imaging series. This process allows ROIs to change with shifts in tissue volumes between time points. Each ROI was visually inspected to ensure quality of coregistration. Ventricular ROIs were restricted to the anterior aspects of the lateral ventricles, given extensive posterior ventricular involvement in the majority of participants that distorted ventricular anatomy and made assessment of exclusively nontumor-related changes inaccurate (one participant was excluded because of excessive periventricular tumor involvement). The posterior margin of these ROIs was drawn at the point of maximum superior convexity of the overlying corpus callosum (figure 1). Hippocampal ROIs were constructed on each participant's baseline MEMPRAGE images using manual tissue segmentation in ITK-SNAP based on a previously published protocol 21 and nonrigidly coregistered to subsequent images using Advanced Normalization Tools. ROIs were drawn within the hemisphere of lowest tumor burden. DTI measures were examined in the hemisphere with lowest or no tumor burden. These measures included the apparent diffusion coefficient (ADC) and fractional anisotropy (FA). ADC measures the magnitude of water diffusion in tissue and is inversely proportional to the impedance of diffusion by intact cell membranes and myelin. FA is a scalar value between 0 and 1 that indexes the directional uniformity of water diffusion. WM masks were generated by FSL from MEMPRAGE images at each time point. Since the resulting WM mask included some subcortical GM structures, they were identified and excluded by an atlas-based segmentation using the Harvard-Oxford atlas. [24] [25] [26] [27] Similarly, voxels occupied by tumor, or edema, were excluded from the WM mask using manually drawn tumor ROIs. For each participant, WM masks of all time points were registered into a common image space and their intersection was generated. The resulting WM mask was then reregistered to T2-weighted images at each time point.
ROI analysis was conducted within the lateral SVZ lining the lateral ventricles. This region was sampled with 5-mm spherical ROIs centered within the WM superolateral to the ventricular wall within the hemisphere of lowest or no tumor burden on each patient's baseline scan (figure 1). These ROIs were placed on the T2 MRI in the coronal plane at the anterior border of the lateral ventricle and nonrigidly coregistered to the subsequent scans in each participant's series. ADC and FA maps were registered into the same T2 space, and values were extracted at each time point.
Data analysis. Voxel volumes were extracted from denoised GM and WM masks and from coregistered ventricular masks at each time point using MATLAB (The MathWorks Inc., Natick, MA). Percentage change from baseline was plotted over time (figure 2). Longitudinal volume changes were statistically assessed as a function of time (days) since the baseline scan, using linear regression, and including as covariates patient age and sex to control for betweensubjects variation, and time-point specific tumor volume on FLAIR to control for within-subjects variability in tumor burden between scanning sessions. Missing time points were included in the model. For participants remaining on the protocol up to or beyond the 12th scanning session (23 weeks from baseline; n 5 6), pairwise t tests were conducted to compare ventricular volumes and WM ADC values at baseline and 23 weeks. This time point was chosen to capture sufficient time from baseline while avoiding prohibitive patient attrition at later time points. figure 2A ) from baseline to last follow-up, independent of age, sex, and tumor volume. Cortical GM volumes also decreased during treatment (F 5 2.12; p 5 0.036; figure 2B ) independent of age, sex, and tumor volume. WM volumes did not change significantly during treatment (F 5 0.70; p 5 0.49; figure 2C ). Representative structural differences before and after treatment are shown in figure 3 .
Volumetric analysis of anterior lateral ventricles and hippocampus. One participant was excluded from ventricular volumetric analysis because of extensive ventricular tumor involvement. Sample sizes at each time point in ventricular volume analysis were as follows: 13 at week 0, 11 at week 1, 12 at week 2, 11 and weeks 3 and 4, 12 at weeks 5 and 6, 10 at week 7, 11 at week 11, 10 at week 15, 8 at week 19, 6 at week 23, 5 at week 27, and 2 at weeks 31 and 35. Significant anterior ventricular volume expansion was evident over time, independent of age, sex, residual tumor volume, or steroid exposure during chemoradiation (F 5 15.247; p , 0.001; figure 4A ). In a subgroup of participants continuing on monthly temozolomide beyond 23 weeks (n 5 6), mean anterior lateral ventricle volume increased by 42.2% (SE: 8.8%; t 5 4.94; p , 0.005; figure 4B ). In addition to these quantitative measures, ventricular dilation was radiographically evident in most participants (see video on the Neurology ® Web site at Neurology.org). Hippocampal volumes showed no significant change over time (n 5 14; data not shown).
Diffusion tensor imaging. Within normal-appearing hemispheric WM masks contralateral to greatest tumor burden, no changes were observed in FA or ADC during chemoradiation (data not shown). ADC was measured within the SVZ of each participant, with sample sizes varying between time points as follows: 14 at week 0, 11 at week 1, 14 at week 2, 12 at weeks 3 and 4, 13 at weeks 5 and 6, 12 at weeks 7 and 11, 8 at weeks 15 and 19, 6 at week 23, 5 at week 27, and 2 at weeks 31 and 35. ADC increases were seen within SVZ ROIs, independent of age, sex, and tumor FLAIR volume (F 5 7.028; p , 0.001; figure 5 ). FA values within the lateral SVZ, however, showed no significant change over time (data not shown). DISCUSSION We present longitudinal MRI-based evidence of tumor-independent structural brain changes in patients with glioblastoma during combined treatment with systemic temozolomide and cranial RT. Progressive brain atrophy was seen through significant losses of GM volume, dilation of lateral ventricles, and loss of WM integrity in the SVZ, with relative sparing of hippocampal volume and parenchymal WM. The use of neuroimaging at multiple time points over several months offers a novel view of the nature, severity, and time course of treatment-associated brain changes in patients with glioma.
Ventricular dilation following chemoradiation has been observed previously on longitudinal CT and MRI studies on chemoradiation for CNS neoplasms. 28, 29 Of note, in one series, 27 longitudinal ventricular enlargement scaled closely with progressive cortical atrophy, consistent with our findings of GM-predominant volume loss. In this way, ventricular dilation appears to be a correlate of GM loss and may prove to be a useful biomarker of longitudinal atrophy in the clinical setting. The association between ventricular dilation and GM loss has been observed in patients with dementia, with progressive ventricular dilation predicting GM loss in cognitively relevant cortical surfaces. 30 It is plausible, therefore, that GM atrophy accounts for the observed expansion of CSF space, and that these changes may have consequences for neurocognitive function in patients receiving chemoradiation. We did not observe significant WM atrophy or DTI changes at the hemisphere level, despite the findings of prior studies that have documented WM volume loss, gliosis, and demyelination in patients undergoing chemoradiation. 12, 13, 28 Focal, rather than whole brain RT may spare parenchymal WM the atrophic changes that have previously been observed. In addition, our limited sample size may also have been insufficiently powered to detect subtle effects on WM. Despite the absence of hemisphere-level WM changes, we did observe significant ADC changes in the SVZ, a dynamic and highly vascular region densely populated with neural progenitor cells (NPCs), which are known to be vulnerable to irradiation 31 and multiple chemotherapeutic agents, even at subtherapeutic levels. 32, 33 While it is impossible to attribute ADC elevation to a specific etiology based on neuroimaging alone, it is possible that injury to the SVZ's dividing cell populations and microvasculature disrupts local diffusion properties. Brain changes followed a delayed time course, with minimal changes seen within the first 6 weeks of treatment, after which WB and GM volume loss and ventricular dilation appeared to follow a progressive pattern. Our data do not, however, provide conclusive evidence regarding the irreversibility of these changes, as the longest follow-up was 35 weeks. While we did not find evidence of reversibility within this time period, we cannot exclude the possibility that some degree of CNS repair leads to partial or complete reversal of morphometric changes in longterm survivors. Exploration of this question awaits further studies assessing patients longitudinally over years, rather than months.
It is of interest that the onset of significant morphologic changes appears to coincide with the time of RT completion. We are unable, however, to parse the independent effects of RT, chemotherapy, or their combination during the initial 6 weeks of treatment. It has been shown that patients treated with chemoradiation appear to experience greater memory, attention, and executive function deficits compared with those undergoing chemotherapy alone. 34 It is possible that radiation represents the predominant driver of these changes, with early exposure initiating a neurodegenerative process that progresses over time. It is also conceivable that progressive brain changes result from the synergistic effects of chemotherapy and radiation, and that ongoing monthly chemotherapy after completion of RT is an important driver of brain atrophy. In addition, novel targeted therapies, such as antiangiogenic agents, 7 are entering mainstream clinical practice. Large datasets investigating exposure to antiangiogenic agents 20 and separate use of chemotherapy and radiation 35 are emerging and will be indispensable to future investigations of neurotoxicity from cancer therapies.
Chemotherapy and radiation appear to injure CNS tissue through independent mechanisms. Many classes of chemotherapeutic agents have been shown to directly target normal brain cells, with self-renewing NPCs and oligodendrocytes among the most vulnerable to neurotoxic insult. 31 Preclinical studies suggest that chemotherapy injures CNS tissue through a combination of short-and long-term effects related to depletion of NPCs and glial cells, impaired neurogenesis, and progressive loss of WM integrity. 31, 32 Like chemotherapy, brain RT is also known to target progenitor cells, increasing apoptosis, decreasing cell proliferation, and accelerating hippocampal cell death. 30, 36 Suggested mechanisms for long-term RTinduced neurotoxicity include microglia-mediated neuroinflammation and loss of microvascular integrity, with subsequent ischemic damage to neural and glial progenitor cells and WM tracts. 6 Our study was limited by the absence of detailed cognitive performance measures to correlate with the observed structural changes on neuroimaging. To correlate neurocognitive outcomes with structural brain changes, longitudinal prospective trials are needed to examine performance in multiple cognitive domains in concert with serial neuroimaging. Such data will help characterize the functional effects of structural brain changes within this population and may also clarify the significance of individual differences in brain volume loss. For example, it is conceivable that rapid, early volume loss might be a sensitive indicator of worse neurocognitive outcome, and prediction models based on such individual differences may help stratify risk of long-term adverse effects.
Although our findings provide strong evidence of structural brain changes that suggest a real neuroanatomical phenotype, our cohort's small size, particularly after participant attrition at later time points, limits the generalizability of our findings. A larger prospective clinical trial will be needed to confirm and validate the reported findings. Definitive confirmation and validation of our findings must await further exploration in larger datasets. It should further be noted that imaging analysis in patients with brain tumor remains challenging. Our analyses were constrained by the presence of a dynamically changing tumor burden with considerable mass effect and visit-to-visit variability in tumor size and surrounding edema. Given our relatively small sample size and the frequency of bilateral tumor burden in our participants, we were unable to restrict many of our analyses to patients with a tumor-free hemisphere. Therefore, we included data from manually drawn ROIs when tumor burden did not appear to involve the structure of interest; however, future studies in patients with brain cancer undergoing combined chemoradiation may preferentially include patients with minimal tumor burden, or who have undergone a gross total tumor resection to further validate the effects of chemoradiation on the normal brain.
As novel therapies have improved cancer survival, the delayed effects of treatment-associated toxicity in survivors represent a particular challenge for oncologists and neurologists seeking to maximize patients' quality of life. Characterizing imaging biomarkers and the natural history of neurologic injury secondary to chemotherapy and radiation is essential not only for optimal clinical management of patients with cancer but also as a foundation for developing and testing neuroprotective strategies.
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Comment: Chemoradiotherapy for glioblastoma patients-The double-edged sword
It has been a decade since the Stupp regimen supplanted other treatments for glioblastoma, increasing 2-year survival from 10% to 26%. 1 As our patients are living longer, they are beginning to experience more neurotoxicity. An interesting, small longitudinal MRI study, performed at Massachusetts General Hospital, involved 14 patients, ages 35-70 years, with glioblastoma treated with radiotherapy plus concomitant and adjuvant temozolomide. 2 As testimony to the difficulty of studying this population, death, clinical decline, or transfer to other trials left only 3 patients remaining at 35 weeks.
To control for tissue distortion caused by mass effect and midline shift, eligible patients had tumor confined to one hemisphere, with the comparative volumetric data taken from the contralateral hemisphere. Using quantitative neuroimaging, the authors showed volumetric decreases in whole brain and gray matter, surprisingly without substantial white matter change. Diffusion tensor imaging measures included apparent diffusion coefficient, which was significantly increased in the subventricular zone (SVZ). As neural progenitor cells reside in the SVZ and are particularly vulnerable to the neurotoxic effects of radiation and chemotherapy, the authors suggest the possibility of microvascular disruption specific to this site.
A limitation of this study is that neurocognitive assessments were not performed. Others 3 have found that changes in white matter fractional anisotropy correlate with decreases in verbal memory, attention, and digit span in young patients with breast cancer treated with chemotherapy. It is possible that early changes in brain volume might serve as an early warning system for potential worse cognitive outcome, allowing us to truncate additional chemotherapy. As the Stupp regimen is also used for younger patients with oligodendroglioma, who also survive longer, the weighing of the benefits and harms of treatment become even more important. recipient of the American Academy of Neurology Clinical Research Training Fellowship. This work has also been supported by a K-12 institutional award (to J.D.), the American Cancer Society (to J.D.), internal funds from the Department of Radiology at the Massachusetts General Hospital (to E.G., K.J., J.K., and P.P.), and philanthropic support (to J.D.).
